In this study, we investigated the effects of nonlinear behavior of the dimensionless concentrations of ester, ether, acid, alcohol and water in HiGee stripping under the three phases of reaction viz. catalyzed phase, liquid phase and gas phase. The mathematical model has been developed based on the nonlinear reaction diffusion equations (Rangaiah et al. Chem Eng Sci 80:242-252, 2012). The developed second order governing differential equations represents catalyzed phase is solved analytically and numerically using modified Adomain decomposition method and Finite element method using MATLAB program respectively. We have observed the good accuracy of the present results by comparing with the numerical solution and with published work (Rangaiah et al. Chem Eng Sci 80:242-252, 2012) in literature. Also, we have derived the analytical solutions for liquid and gas phases using Homotopy perturbation method. In addition, we have presented the analytical expression for effectiveness factor for all the concentration under the diffusion restrictions. The analytical expressions derived. There are good enough to predict the behavior of the system. The influence of dimensionless governing parameters is discussed and presented in graphically.
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Introduction
In 1981, Ramshaw and Mallinson was introducing the concept of a rotating packed bed (RPB) to enhance mass-transfer rates by replacing gravitational fields with centrifugal acceleration 100-1000 times the gravity and it is suitable named as HiGee (acronym of high gravity) [1] . In this RBP are used in high centrifugal acceleration with the higher specific surface area and achieves order(s) of magnitude higher gas (vapor) liquid throughputs and possibly mass-transfer rates [2] . In recent years, RPBs is also applied for many purposes, such as stripping [3] [4] [5] [6] , absorption [7] [8] [9] , distillation [10, 11] , adsorption [12, 13] , desorption [14] and production of nanoparticles [15, 16] . Schildhauer et al. [17, 18] ,describe the reaction and separation in reactive distillation and reactive stripping. The integration of reaction and separation in one single process unit minimize operating costs. Rangaiah et al. [19] .Introduce the concept of a solid catalyzed reactive HiGee (high gravity) stripper (SCRHS) with esterification reaction as an illustrative application. Esterification reactions are of prime relevance to the process industries with ethyl acetate, butyl acetate and amyl lactate being a few outs of the many important examples [19] . In this present work, the analytical solution for dimensionless concentration of ester, ether, acid, alcohol and water involved in the reaction systems for the reaction rates considering steady state regime has been proposed. The nonlinear equations in catalyzed phase depicted by the mathematical model have been solved by modified Adomian decomposition method [20] [21] [22] [23] [24] , liquid and gas phase models were solved by homotopy perturbation method [25] [26] [27] [28] [29] [30] . These analytical results are useful to understand and optimize the behavior of ester, ether, acid, alcohol and water in catalyst, gas and liquid phases. The information gathered from the theoretical modeling is fruitful in experimental design, optimization and prediction of the SCRHS. Figure 1 shows the schematic of an SCRHS system [19] . The modification for SCRHS is that the inert packing material within the conventional HiGee is replaced by porous solid catalytic packing [19] . The packing within the multiphase reactor thus acts as both a catalyst surface and a mass transfer surface, over which the inert gas phase and reactive liquid phase contact each other in counter-current direction [19] .
Formulation of the Problem and Analysis
The esterification and etherification of hexanoic acid and 1 − octanol is as follows [19] :
The SCRHS system consisting of catalyst, liquid and gas phase model. Figure 2 shows the schematic of a spherical catalyst pellet having inert packing at the core and a thin coating of catalyst layer of thickness, δ from inner radius r p 1 to outer radius r p 2 . The particle mass-balance for a differential section of thickness dr p at a radius r p is as follows [19] :
Catalyst Phase Modeling
The corresponding boundary conditions are given by [19] , The effectiveness factor is calculated as follows [19] :
(1) is the catalyst surface concentration for the ith component and s is the surface. p and D eff is the particle density and effective diffusivity. R i is the reaction rate for the ith component. r p 1 and r p 2 are the inner and outer radius of the porous catalyst layer. The reaction rate are given as [19] :
To compare the analytical results with simulation results, we make the above non-linear partial differential Eq. (3) and boundary condition Eqs. (4) and (5) in dimensionless form by defining the following dimensionless parameters:
The dimensionless form of the Eq. (3) in terms of dimensionless quantities described in Eq. (12) 
Fig. 2 Schematic of a spherical catalyst pellet [19] 1 3
The dimensionless form of effectiveness factor is as follows:
where,
(20)
i = ester, ether, acid, alcohol and water respectively.
Analytical Expressions of the Dimensionless Concentration and Effectiveness Factor Using the Modified Adomian Decomposition Method
The modified Adomian decomposition method (MADM) is an interesting method to solve various types of non-linear differential equations. It is important to note that a number of research works have been devoted to validate/ensure the application of the MADM to a wide class of linear and nonlinear, simple or partial differential equations [31] [32] [33] . The MADM decomposes a solution into an infinite series which then converge rapidly to the exact solution. The convergence of MADM has been investigated by a number of research groups [34] [35] [36] [37] . The approximation can be obtained to any desired number of terms to increase the level of accuracy.
The small size of computations in comparison with the computational size required in numerical methods and the rapid convergence shows that the modified Adomian decomposition method is the most preferred method [38] . We have solved the non-linear differential Eqs. (13)- (19), using this method. The analytical expression of the concentrations U i (X) , i = 1, 2, 3, 4 and 5 respectively can be obtained as follows:
w h e r e i1 = 1 − (10)- (14) and simulation results Eqs. (4)- (9) of concentration profiles of ester, ether, alcohol, acid and water in catalyzed phase along the radial length of SCRHS for the experimental value of parameters in Table 1 . Solid lines represent numerical solutions whereas the dotted line represents analytical solutions
Equation (26) satisfy the boundary conditions (18) and (19) . These equations represent the reliable and closed-form of analytical expression of concentrations for all possible values of the parameters.
The analytical expressions of the dimensionless form of effectiveness factor using the Eq. (20) are as follows:
Gas Phase Modeling
The mass balance equation for the concentration of water in the gas phase is as [19] :
The corresponding boundary condition is given by, where C wg is the gas phase concentration of water. u g is the spherical gas velocity. R m is the interface mass transfer rate. (1 − a)
(33) C wg = C g,eq at r = r 0 , r is the variable radius of SCRHS. r 0 is the outer radius of SCRHS.
The mass transfer rate is given as, where C wg is the concentration of water in liquid phase.
Liquid Phase Modeling
The mass balance for ester, ether, acid, alcohol and water in the liquid phase are as follows [19] : 
At r = r i ; C i = 0 gmol∕m 3 where i = ester, ether and water,
At (33) and (35)-(41), using this method. Then the concentration for water in liquid phase and the concentration for the ith component, ester, ether, acid, alcohol and water in gas phase expression as follows: In gas phase:
In liquid phase: 
The Eqs. (42) and (43)- (47) satisfy the boundary conditions Eqs. (33) and (40) 
Numerical Simulation
The non-linear differential Eqs. (13)- (17) and Eq. (35) and Eqs. (38)- (42) for the given initial-boundary conditions Eqs. (17)- (18) and Eqs. (36), (43)- (44) are being solved numerically. The function pdex, in MATLAB software which is a function of solving the initial-boundary value problems for non-linear ordinary differential equations is used to solve these equations. The numerical solutions are compared with analytical results using modified Adomain decomposition method and Homotopy perturbation method as shown in Figs. 3, 4, 5, 6, 7, 8, 9 , 10, 11 and 12 and it gives a satisfactory result. The MATLAB program is also given in Appendix 2.
Result and Discussion
Schematic diagram of the reactor and the pellet are depicted in Figs. 1 and 2 .
The governing spherical differential Eqs. (13)- (17) depending on the dimensionless concentration of ester, ether, acid, alcohol and water in catalyst subject to the boundary conditions Eqs. (18) and (19) have been solved analytically using modified Adomian decomposition method. Since the derived solution is very comprehensive, it is very hard to analyze by seeing the expression, so the predictions have been depicted as graphs in Figs. 5, 6, 7, 8, 9, 10, 11 and 12. In order explore the results; the analytical solutions were carried out for different values of the parameters involved in the system. To see the accuracy and efficiency of the analytical solution derived is compared with the numerical solution (function pdepe, Finite element method in MATLAB [39, 40] ), which shows the good accuracy of derived expression i.e. analytical solution matched well with numerical solution which are projected in Figs. 3 and 4 . Also, the effectiveness factor of the system for all concentration Eq. (20) has been solved analytically, which is displayed in Eqs. (27) The present results are validated with the published results with values of the Rangaiah [19] of Table 1 which is portrayed in Fig. 3 . From Table 1 and Fig. 3 , it is evident that the derived solutions are good enough to analyze the dynamic performance of the system by varying the values of the parameters involved. It is observed from Figs. 5 and 6 that the Concentration of ester U 1 (x) and ether U 2 (x) in the catalyze phase (depends upon the equilibrium constant k eq , adsorption constant of alcohol k alcohol , adsorption constant of water k water and the concentration at the surface (Bulk solution)) drops down as the diffusivity increases but boosts the concentration for increasing values of (Φ 1 or α 1 ) and (Φ 2 or α 2 ). Physically concentration of ester and ether fall due to diffusion of catalytic particles inside the catalyst and increase in the reaction rate. Increasing the value of α 3 (i.e. component concentration of water in catalyst with adsorption constant of water) reduces the boost in concentration.
It is evident from Figs. 7 and 8 that concentration of acid U 3 (x) and alcohol U 4 (x) almost maximum (i.e. U 3 (x) ≈ 1 and U 4 (x) ≈ 1) in all the cases of reaction. An acid concentration drops down when reaction of water increases with the catalyst. However there is no change in the water concentration is noted for any change in the reaction or mass transfer rate.
The net effect of the diffusional restriction affects the effectiveness of all the concentration discussed except acid. It is apparent from Fig. 10 that effectiveness of the ester declines constantly as the diffusivity occurs, whereas the effectiveness of the ether attains its maximum Φ 2 ≤ 1 then decline vigorously as the diffusivity increases. The same behavior is noted for alcohol than the ether but Φ 4 ≤ 0.4.
Liquid-Gas Phase Concentration Profiles of Ester, Ether, Acid, Alcohol and Water
Concentration profiles of ester U 1 (x), ether U 2 (x), acid U 3 (x), alcohol U 4 (x) and water U 5 (x) in liquid phase along the radial direction of SCRHS are shown in Fig. 11 . From these figures it is evident that concentration of ester and ether improves furiously however concentration of acid and alcohol within the reactor decreases, because more alcohol conceives in a single phase. As the result of catalyzed phase, water concentration has a constant growth in liquid phase which results in the fall of acid and alcohol concentration. Finally gas phase evaporates the gaseous water concentration results in fall of water concentration. Water concentration in the gas phase drops down as the diffusion occurs however water concentration boosts with increase in reaction rate of ester.
Conclusion
In this work, a mathematical model that describes the steadystate response of a solid catalyzed reactive HiGee stripping is discussed. Modified Adomain decomposition method was employed to solve the system of non-linear second order differential equations of catalyzed phase. Better approximate analytical expressions corresponding to concentration of ester, ether, acid, alcohol and water in catalyzed phase as the function of dimensionless parameters are derived. Whereas the first order nonlinear differential equations of the liquid and gas phases were solved by Homotopy perturbation method. Also, analytical expression for effectiveness factor are derived and analyzed. Closing matching of the analytical result with numerical solution gives assurance that our analytical result are useful to simulate the dynamic performance of system using the parameters and also useful to predict and understand the behavior of the system. The numerical findings are as follows:
• Concentration of ester and ether decreases due to diffusion of catalytic particles inside the catalyst and increase in the reaction rate.
• Increasing the component concentration of water in catalyst with adsorption constant of water reduces the boost in concentration.
• Increase in water concentration dilutes the acid concentration.
• Effectiveness of the ester declines constantly as the diffusion takes place.
• The effectiveness of the ether and alcohol attains its maximum at Φ 2 ≤ 1 and Φ 4 ≤ 0.4 then decline vigorously as the diffusivity increases.
Appendix 1: Analytical Solutions for the Dimensionless Concentrations
In this appendix, we indicate how Eq. (25) in this paper has been derived. In order to solve Eq. (25) 
